Abstract-A concept paper, along with cost estimations, is presented proposing the development of very small sized solar PV grids, which we have termed nano-grids. These grids allow the incorporation of developmental activities such as irrigation, along with household usage of electricity. It is argued that the developmental activity should be chosen in such a way that it matches with the seasonal variation in insolation and load demand to keep the energy cost to a minimum.
I. INTRODUCTION
Falling PV prices in the world market have opened up wide opportunities for accelerated deployment of solar energy technologies in developing countries like Bangladesh. Although, the energy cost of a PV based system is still higher than that of grid power, there is ample scope for PV based energy generation for offgrid regions where the potential for grid extension is likely to remain low. Studies of off grid rural areas in Bangladesh [1] indicate that the main fuel for lighting in the off-grid areas are kerosene based lamps (Kupi or Harricane) and a family on average spend Tk. 200 per month on the cost of the kerosene. Besides the high cost of this imported oil to families on low incomes, these lamps produce significant fumes posing health threats and are prone to fire hazards. The significant growth of the Solar Home System (SHS) in Bangladesh [2] started to take place at a time when the cost of solar PV panels was about two times higher than its present price. Although the energy cost of the SHS was very high at that time in comparison to grid electricity, the actual cost for lighting a house with efficient fluorescent lamps via the SHS were comparable to the expenditure that families had been making on kerosene purchases, with the advantage that the health hazards from the fumes and the fire hazard from the open flames had effectively been eliminated. Additionally, people had the opportunity to charge mobile phones and watch TV in the case of the installation of systems with panel sizes of higher than 50Wp [2] which constituted another very important incentive for families to opt for a SHS. As the price of the PV started to fall, the rate of penetration of SHS in the market soared accordingly. Today, more than 50,000 SHS are being installed every month in Bangladesh [2] and it is considered as one of the fastest growing and most successful solar programs in the world.
Nevertheless, for all of the successes of the Bangladesh SHS programme, it is clear that for a sizeable proportion of the rural population the costs of such systems remain beyond them. In this context, the kinds of solar lighting products which have been promoted via the Lighting Africa initiative [3] have been proposed as a very low cost solution for these types of households. Typically, these types of solutions have involved the use of very small PV panels, sometimes termed Pico-PV. The typical size of the PV panels vary from 5-10W, with a small storage battery and 2/3 LED lights. As these systems are very small, the typical cost is low and the system is well within the affordable range of the population remaining at the bottom of the pyramid (BOP) in Bangladesh. There are currently several propositions from a variety of international organizations and funders to implement similar systems in rural Bangladesh to promote these types of solutions to the lighting needs of the poorest Bangladeshi communities However, before taking a hasty decision to roll out similar programmes in Bangladesh based on the success story of Lighting Africa, it is important to analyze socio-economic conditions in rural Bangladesh. One of the most striking dissimilarities between communities in rural Bangladesh and most parts of rural Africa is the much higher population density in the former which leads to people living closely in houses clustered in a small area. This may offer possibilities for pursuing an alternative solution in Bangladesh. A simple observation will show that the electricity generated by smaller PV panels is more expensive than that generated by larger panels (as, for example, a 100Wp panel is less than 10 times more expensive than a 10Wp panel) as there are some fixed overhead costs like framing and the connectors at the back of the panel. Very small systems also require small sized batteries and small sized lead-acid batteries are usually not very good quality meaning that the practical options left are Nickel or Lithium based batteries. These Nickel or Lithium based batteries are 4-5 times more expensive than an equivalent lead-acid battery which also adds to the relative cost of small systems. It is estimated [1] that the energy cost of a small system with this type of more expensive battery is almost two times that for a conventional lead-acid battery based energy storage system. So there are significant questions over whether small-scale pico-PV solutions are likely to be the most appropriate for the Bangladesh context, particularly when one considers the growing identification of the limitations of the SHS even amongst those households where it is more or less affordable. Despite all the positive features of the SHS, it has a very serious limitation in terms of its potential to directly affect an individual household's ability to improve its income generation and overall quality of life [4, 5] The energy output of a SHS is so small that it can only support the meeting of basic lighting necessities and perhaps the charging of mobile phones and the running of a TV as a basic entertainment for rural people. Studies [1, 6 ] made on energy needs in rural Bangladesh, however, indicate that there is demand for further very important facilities. One of these is a fan for comfort during the hot summer months and the others include income generating activities like irrigation, saw mill, flourmill for rice or wheat crushing, rice husking machine etc. Irrigation in particular seems to be a very good prospect as 2/3rd of the total number of irrigation pumps driven by diesel in the country are located in off-grid areas. Demand of refrigerator is still very limited due to economic limitations of the households.
In this paper we propose a community based small sized centralized solar PV system, termed 'nano-grid' for its small size (in contrast to the larger networks envisaged under terms such as mini-grids), that can provide energy to 15-20 households and can support small scale developmental activities like irrigation. The energy cost is quite competitive and the capital cost is low as the system is quite small.
II. SOLAR PV BASED IRRIGATION IN BANGLADESH
Irrigation is one of the major energy-demanding activities carried out in rural Bangladesh as Bangladesh is predominantly an agricultural country. Bangladesh has a monsoon climate where there is plenty of rainfall during the months from June to September. Indeed, sometimes there is too much rainfall and flooding takes place. The main cropping seasons are 'Aman' harvested during the month of November and 'Robi' harvested during the month of May. The 'Robi' season is predictably dry with plenty of sunshine and with proper irrigation this is the most important crop producing season for Bangladesh. However more than 60% of the rural area is not connected to the national electricity grid and irrigation mainly depends on diesel based engines in these areas. The cost of diesel in the city areas is about Tk. 61 per litre and it is at least 20% higher in the rural areas due to the incidence of transportation and storage costs. Bangladesh imports USD 1bn worth of diesel for use in the agricultural sector alone [7] . The cost of diesel based irrigation at the field level is Tk. 21 per kW-hr equivalent of electricity. The irrigation pump owners charge about 25% of the value of the crop produced for irrigating the land for a season.
With this background scenario, our studies presented here, indicate that with the present price of PV panels and prevailing patterns of solar radiance, solar PV based irrigation can be cheaper than diesel based irrigation in Bangladesh. However, it is important to understand that irrigation requirements in any particular season varies with the rain fall, the crops grown etc. and any dedicated irrigation scheme will not be cost effective as the PV energy will be wasted during the non irrigating months (from June to September). So, for any PV-based alternative to diesel based irrigation to be viable, it will be very important to integrate the irrigation scheme along with a rural grid so that PV energy will have alternative usage. Another very important aspect is the monthly sun shine availability. During the main irrigating months (February to May) the temperature is relatively low and household demand for electricity is therefore also lower as, for example, cooling fans are likely to be one of the main sources of energy demand. So, we would expect that the higher sunshine during the irrigating months can very effectively be utilized for irrigation without causing shortages for household energy consumption. On the other hand, during the months of June to September, there is plenty of rainfall and the sunshine is relatively low resulting in less production of PV energy. This, however, is the season when irrigation needs are minimal and the PV output can be very effectively used for household purposes. So, our assumption is that if we consider the distribution of sunshine and the seasonal variation of demand including for irrigation, net electricity requirement would appear to match the availability of PV output. This has the added benefit of suggesting very effective usage of the PV output, leaving the likely amount of unutilized energy at a minimum.
Although the proposed nano-grid uses battery backup for supply of energy during the night hours, irrigation can be done during the day time without battery backup that reduces the cost of electricity for irrigation can make the scheme commercially viable. It is worth mentioning that the requirement of battery backup increases the cost of PV energy by more than 70%.
III. THE CONCEPT OF DC NANOGRID: ITS FEASIBILITY IN THE
CONTEXT OF BANGLADESH Drawing together the discussion in the previous sections, it can be seen that the nano-grid idea is based on the fundamental concept of the Solar Home System, where the basic necessities of households are met, but at the same time some small scale applications like irrigation can also be incorporated. This concept takes advantage of the fact that houses in Bangladesh are usually clustered together in rural areas in a group of 15-20 houses (within a diameter of less than 150m). A schematic diagram depicting the concept is shown in Fig. 1 . In the proposed nano-grid system, something like a 1.5 to 2kWp PV system is installed in a small cluster of households within a radius of 60-70m and power is distributed to 10-15 households from this system. Fig.1 . Schematic diagram for the nano-grid. Roof top locations of one or two houses will be chosen for PV installation and the storage battery will be placed in a convenient location close to it.
The PV panels and the battery used in the proposed nanogrid will be connected in series in such a way that the grid voltage is 220V DC (nominal) and the households are supplied with this voltage. There are already strong voices being raised regarding the advantages of DC grids [8] . As described in the later part of this section, the main household loads for this system are likely to be lighting, TV, fan and mobile phone. The LED or CFL lamps and TV have their own built in controller circuits that make them insensitive to DC or AC supply. These days, brushless DC fans are widely available in the market. Although the brushless DC fans are more expensive, they are much more efficient (~80%) than the usual induction motor based AC fans (efficiency ~60%). The higher cost of the brushless DC fans is likely to be compensated within three years considering the lower power consumption of the fans. However, in case of irrigation pumps or some other income generating activities a separate inverter is likely to be needed. The advantage of the DC grid is its low cost, as no inverter is needed and at the same time this avoids inverter energy losses. Our preliminary estimates indicate that there can be more than a 25% cost saving by avoiding inverters in the grid.
Considering the typical load in a household, the expected summer time (May to September) load is around 3 times the expected winter (November to March) household loads. This, as explained above, is due to the fact that there is expected to be high usage of fans in summer due to hot weather condition. The average typical household load in rural Bangladesh given below in Table I and Table II . The demand for refrigerator is not considered at this stage as it goes beyond the affordability of the average households.
From Table I and Table II it can be clearly seen that fans constitute a significant part of the household load in summer whilst the zero fan load in the winter months reduces the total load to less than half. Although the mobile charger is an important component, its actual energy consumption is very small and has not been included in the tables. The surplus generated from the significant fall in the household demand is proposed to be used for developmental activities like irrigation during the dry months. Total/day, W-hr 132
Avg. load/HH, Watt 22.5
Fig .2 shows the average daily solar radiation on a horizontal flat surface in Bangladesh. The main irrigation season is from February to 1 st week of May and the weather remains reasonably dry and cool until the end of April. It is interesting to note that sunshine is higher during these months, which together with relatively low demand for fan-use in the house holds during this period generates sufficient surplus energy to divert it for irrigation. Our preliminary calculations show that a small pump of 1.1kW (1.5HP) can be easily run to irrigate the fields. During the months after June, the rainy season starts and demand for irrigation is reduced to around 5-10%. Although the sunshine is lower during the rainy season (JuneSeptember), absence of irrigation makes the overall energy demand lower and a well-designed system should be able to cope quite satisfactorily with household demand. For a very small system, we estimate that a 1.1kW pump and 10 households can be supplied with the necessary primary energy needs using a 1.9kWp PV system with a 500AH, 12V battery as storage. During the day time it is recommended that the pump will run from 10.00am to 2.30pm. The rest of the time pump Battery will be dedicated to battery charging. At the same time, the panel size is such that it can generate enough energy even in rainy, cloudy or foggy days to keep the battery size small compared to those used in SHS. 
IV. A CALCULATION FOR WATER DELIVERY FOR A SMALL
IRRIGATION PUMP A 1.1kW (~1.5HP) irrigation pump can run quite satisfactorily if the input power is within 1000-800W. A 1.1kW electric pump driven by an inverter, having an overall efficiency of 50%, can pump around 90,000 litres of water per day (4 hours of run time) from an average head of 7m. In the case of a submersible deep tube well the figure will be significantly lower due to the higher water head. Most of the irrigation pumps in Bangladesh use shallow tube wells not exceeding a depth of 6-7m. Rice is the most important crop in Bangladesh that needs irrigation during the dry months, 90,000 litres per day can irrigate about 6-7 acres of rice field for a whole season (3 months). In the case of other crops like vegetables, wheat or maize the area of irrigated land will be much larger as they require much less water than rice cultivation.
V. THE COST CALCULATION FOR THE PROPOSED NANO-GRID

Cost of the system and electricity
The description of a model system is given below Size of the PV -1. It is worth mentioning here that the average energy cost in a SHS under a similar financing model is close to Tk. 40. As SHS has only fixed load of light, mobile charger and/or TV, it cannot accommodate the seasonal variation of sunshine resulting in underutilization of the available PV energy. On the other hand, nanogrid provides an opportunity for the households to use fan and other low power appliances like computer or laptop which is not the case with SHS. In summary, the nanogrid provides energy at a lower cost with more options for household gadgets. Apart from household use, it can incorporate a small sized irrigation pump that can have significant impact on agriculture.
VI. CONCLUSIONS The paper has proposed the concept of DC nano-grid highlighting its technical advantages and some of the economic and social considerations involved in their development. These are not capital intensive solutions as their size is quite small and can be easily implemented in a small community overcoming the financing difficulties; unlike, for example, the case of large scale mini-grids [9] . At the same time, supply of DC voltage instead of AC at the household level avoids the relatively high cost of inverters eliminating inverter losses, particularly when the load demand is less than 10% of the peak during late night hours. Considering the sunshine and climatic conditions of Bangladesh, irrigation is incorporated with the system to run directly from the PV (without battery) during the dry seasons when the sunshine is high but house hold load demand is low, taking the advantage of energy surplus in the nanogrid. The solar PV irrigation energy cost, as presented in section 4, is lower than diesel based irrigation costs in Bangladesh.
